Attentional guidance relies on a winner-take-all mechanism  by Zénon, Alexandre et al.
Vision Research 49 (2009) 1522–1531Contents lists available at ScienceDirect
Vision Research
journal homepage: www.elsevier .com/locate /v isresAttentional guidance relies on a winner-take-all mechanism
Alexandre Zénon a,*, Suliann Ben Hamed b, Jean-René Duhamel b, Etienne Olivier a
aUniversité Catholique de Louvain, Institute of Neuroscience, Brussels, Belgium
bCentre de Neuroscience Cognitive, UMR-5229 CNRS – Université Claude Bernard Lyon 1, Bron, France
a r t i c l e i n f oArticle history:
Received 7 November 2008
Received in revised form 3 March 2009
Keywords:
Attention
Psychophysics
Visual search0042-6989/$ - see front matter  2009 Elsevier Ltd. A
doi:10.1016/j.visres.2009.03.010
Abbreviations: GST, Guided Search Theory; WTA, w
distributed selection mechanism; ITS, item-target sim
asynchrony; GOF, goodness of ﬁt ratio; IQI, interquar
ﬁeld; SC, superior colliculus.
* Corresponding author.
E-mail address: zenon@salk.edu (A. Zénon).a b s t r a c t
The ﬁnding that attention can encompass several non-contiguous items at once challenges the current
models of visual search based on a winner-take-all mechanism assuming the selection of a single object.
It has been proposed instead that attentional guidance involves mechanisms selecting all relevant items
simultaneously. In order to test this hypothesis, we studied attentional allocation during various visual
search tasks. We conﬁrmed that attention can indeed select several items concurrently but on the basis
of their spatial relation, not relevance. This ﬁnding corroborates the view that during visual search, atten-
tional guidance is based on a winner-take-all mechanism.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
In ecological conditions, the exploration of a visual scene is per-
formed by displacing sequentially the gaze to different locations,
so that relevant items can be processed by the visual system. Sev-
eral factors may inﬂuence the selection of the next object to look
at, namely goal-directed factors, depending on the task at hand,
and stimulus-driven factors, related to the object conspicuity
(Wolfe & Horowitz, 2004). Theoretical models (Fecteau & Munoz,
2006; Itti & Koch, 2001; Koch & Ullman, 1985; Wolfe, Cave, & Fran-
zel, 1989) have suggested that, during visual exploration, both
goal-directed and stimulus-driven factors are integrated into a sin-
gle map, used to guide eye movements; this topographical map is
known either as salience (Itti & Koch, 2001), priority (Fecteau &
Munoz, 2006) or activation map (Wolfe et al., 1989). Because in
most conditions, only one spatial location can be selected for the
next saccade (see however (Liversedge, White, Findlay, & Rayner,
2006) for an exception), these models are based on a winner-
take-all (WTA) competition mechanism (Cave, 1999; Itti, Koch, &
Niebur, 1998; Koch & Ullman, 1985; Wolfe et al., 1989), leading
to the selection of the item located at the peak activation on this
map, potentially representing the most relevant item.
Besides eye movements, the exploration of a visual scene also
relies on another important selection mechanism, called spatialll rights reserved.
inner-take-all; DISTRIBUTED,
ilarity; SOA, stimulus onset
tile interval; FEF, frontal eyeattention, which permits to concentrate more resources to process
selected items (Posner, Snyder, & Davidson, 1980). So-called covert
attentional shifts are performed without eye displacements and
have been shown to increase the effective contrast of the selected
stimuli (Carrasco, 2006). The same models as those used to de-
scribe saccade target selection processes, relying on WTA mecha-
nisms, have been proposed for covert attentional target selection.
However, whereas WTA models assume the selection of only one
item, several experimental studies have shown that attention, in
contrast to eye movements, is able to select simultaneously several
non-contiguous objects (Awh & Pashler, 2000; Bichot, Cave, &
Pashler, 1999; Gobell, Tseng, & Sperling, 2004; Scharlau, 2004;
Sears & Pylyshyn, 2000). These results are in apparent contradic-
tion with the WTA hypothesis and although various solutions have
been proposed to resolve this controversy (Cave, 1999), whether
attentional allocation actually relies on anWTAmechanism similar
to that underlying saccadic selection remains unknown. Indeed,
although WTA mechanisms are widely used in visual search mod-
els (Itti & Koch, 2000; Koch & Ullman, 1985; Treisman & Gelade,
1980; Wolfe et al., 1989), to our knowledge, their existence for
attentional selection has never been established experimentally.
It is important to note that, in the present study, we refer to
WTA as a mechanism for attentional selection as opposed to stim-
ulus detection (Itti & Koch, 2000). Indeed, the contribution of WTA
mechanisms to stimulus detection has already been investigated in
many theoretical and experimental studies; in theses studies, the
stimuli are processed by sets of noisy visual ﬁlters and a WTA
mechanism, sometimes referred to as max-of-output rule, is used
to read the activity inside these different ﬁlters to decide whether
the target is present or not (Baldassi & Verghese, 2002; Eckstein,
Thomas, Palmer, & Shimozaki, 2000; Lee, Itti, Koch, & Braun,
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A. Zénon et al. / Vision Research 49 (2009) 1522–1531 15231999; Verghese, 2001). Obviously, attention and decision processes
interact with each other in such tasks, attention being more likely
allocated on the item identiﬁed as the target (Nothdurft, 2002; Ze-
non, Ben Hamed, Duhamel, & Olivier, 2008), and the target detec-
tion performance being enhanced by attentional allocation
(Posner et al., 1980). However, it is sensible to assume that the
mechanisms involved in the target selection for attentional shifts
and those involved in decision making are distinct, and should be
addressed separately. Evidence for the involvement of a WTA
mechanism in the decision process related to the target presence
does not allow us to infer the existence of such a mechanism for
attentional guidance.
As an alternative to WTA models for attention allocation, DIS-
TRIBUTED models have suggested that multiple items can be se-
lected simultaneously, and that the efﬁciency of this selection is
proportional to the activity generated by each item on the salience
map (distributed selection mechanism). For example, Hamker pro-
posed a model of attentional allocation control that assumes a con-
tinuous feedback from higher to lower level visual areas (Hamker,
2003; Hamker, 2005); in this model, attentional feedback inﬂu-
ences the processing of visual stimuli gradually with a strength
proportional to the relevance of each item (Hamker, 2004). Based
on the signal enhancement theory, Carrasco, Penpeci-Talgar, and
Eckstein (2000) proposed a model in which the signal induced by
every object on the visual maps is enhanced proportionally to its
relevance (Carrasco et al., 2000). As a result of the gradual atten-
tional effect, the signal-to-noise ratio, and hence, the discriminabil-
ity of each visual item is modulated by its relevance with respect to
the task at hand. It is noteworthy that this model does not inte-
grate the stimulus-driven factors. Similarly, in the present study,
we will only address the ability of attention to select multiple
items on the basis of their relevance to the task, i.e. a goal-directed
factor of guidance, without considering the inﬂuence of stimulus-
driven factors.
In order to distinguish between WTA and DISTRIBUTED models,
we need to determine how attention is allocated when multiple
items with different levels of relevance are displayed. Indeed,
whereas WTAmodels assume that only the most relevant item will
be selected, DISTRIBUTED models predict that the processing of
each item will be enhanced proportionally to its relevance. In order
to differentiate between WTA and DISTRIBUTED models experi-
mentally, we investigated the distribution of attention during a
covert visual search task, i.e. a task that consisted in detecting a
target amongst distractors, and in which no eye movement was al-
lowed. To probe attention allocation during the performance of the
task, we used a concurrent letter detection task (Kim & Cave, 1995;
Shih & Sperling, 2002), in which the probability of attentional
selection of a given search item has been shown to depend on
the item-target similarity (ITS), i.e. an estimate of relevance (Zenon
et al., 2008). The use of this dual task allows us to measure atten-
tional allocation independently of the target detection. The goal of
the present study was to determine whether ITS inﬂuences the
detection of multiple items at the same time, as predicted by the
DISTRIBUTED models, or of a single one, as predicted by the WTA
hypothesis. Results presented here are from two experiments
which have already been published (Zenon et al., 2008), but these
data have been entirely re-analyzed to address the distinct issue of
the attentional distribution.Fig. 1. (A) Experimental design of Experiment 1. A central ﬁxation point was
displayed for 1500 ms, followed by the presentation of seven search items
containing a mask. The target was the circle with a vertical line. After a variable
delay, the mask displayed inside each search item was replaced, for 60 ms, by
letters. Eight hundred millisecond after the onset of the search item display, search
items were replaced by black disks displayed for 200 ms. (B) Experimental design of
Experiment 2. Only the case where two targets were displayed simultaneously is
illustrated here. Compared to Experiment 1, the search items display duration was
variable (50%, 75% and 90% correct response in the visual search task), and letters
were always ﬂashed during the last 50 ms of the search display presentation.2. Experiment 1
In Experiment 1, we used a search task in which subjects had to
detect a vertically oriented item displayed amongst distractors of
various other orientations. In addition, letters were displayed in-
side those items at different intervals with respect to search itempresentation, and subjects had to report as many letters as possible
(see Fig. 1). The rationale behind this task is that the detected let-
ter(s) can be used to infer attention allocation (Kim & Cave, 1995;
Shih & Sperling, 2002; Zenon et al., 2008) and trials in which sub-
jects detect more than one letter should allow us to investigate
attentional distribution and to identify the factors inﬂuencing mul-
tiple detections. Therefore, only trials in which subjects detected
several letters have been incorporated in the following analyses.
WTA models allow us to formulate two hypotheses: (1) the ‘‘sin-
gle-focus WTA” hypothesis (WTA1) predicts that attention can se-
lect only one location at a time, with a probability proportional to
its relevance, or ITS; (2) the ‘‘extended spotlight WTA” hypothesis
(WTA2) states that attention is centered on the item with the high-
est ITS but extending onto neighboring items, because of the spa-
tial properties of the attention spotlight in terms of size and
shape (Cave & Bichot, 1999). In contrast, the DISTRIBUTED models
predict that several items located at remote and independent loca-
tions will be selected concomitantly; that selection should depend
on their respective ITS and not on their spatial relationship.
2.1. Methods
2.1.1. Subjects
Twelve healthy subjects (21–25 years old), with normal, or cor-
rected to normal, vision participated in this experiment; all sub-
jects were native French speakers. All experimental procedures
were approved by the Ethics Committee of the Université catholiq-
ue de Louvain, and all subjects gave their written informed
consent.
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In Experiment 1, we used a probe paradigm (Kim & Cave, 1995)
in which subjects had to report the presence, or the absence, of a
target displayed amongst seven items arranged in a circle around
a central ﬁxation point (see Fig. 1A). In addition, subjects had to
identify letters ﬂashed for 60 ms inside each search item, at differ-
ent stimulus onset asynchronies (SOAs) with respect to the search
item presentation. The rationale behind this paradigm is that the
letter detection probability should be higher at the spatial loca-
tions where attention is allocated, allowing us to infer, a posteriori,
attentional allocation in both space and time.
Before each experiment, subjects were trained on the search
task alone, then on the letter identiﬁcation task alone and ﬁnally,
they practiced the dual task. At the end of the training session, a
staircase procedure was applied to adjust the contrast of the search
items against the background in order to make sure that all sub-
jects reached a performance level of 70% of correct trials in the
search task. After this adaptive procedure, the contrast of the
search items against the background was, on average, equal to
70%. The grey level-luminance function of the screen was obtained
with a psychophysical method of gamma correction (Bordier &
Knoblauch, personal communication). Brieﬂy, the subjects were
asked, by pressing either the up or down arrow key, to adjust the
grey level of uniform patches displayed on the screen to match
the luminance of patches made of mixed black and white pixels
in different proportions; the function relating the grey levels of
the uniform patches obtained after subject-controlled adjustments
to the proportion of white pixels in the mixed patches provided an
estimate of the gamma function of the screen. At the beginning of
each trial, a central ﬁxation point was displayed on a computer
screen placed 55 cm in front of the subjects. The subjects had to
ﬁxate this point throughout the task. Eye position was controlled
by means of an electro-oculogram and trials were interrupted,
and repeated, whenever subjects broke ﬁxation. After 1500 ms, se-
ven grey circles (1.8 wide) were displayed equidistantly at an
eccentricity of 4. These circles were the search items and had a
small bar attached to them (0.2 long), that could be either vertical
(target) or oriented at 30, 60 and 90 from the vertical (distrac-
tors); they were ﬁlled with a white noise mask. The target was
present in 50% of the trials and at least two distractors of each type
were displayed in each trial. After a variable SOA (50, 300, 500 or
700 ms), the masks displayed inside the circles were replaced by
letters (1.1 wide), ﬂashed for 60 ms; all the letters displayed in a
given trials were different. Then the letters were replaced by a
new mask. Different SOA values were used to study the temporal
characteristic of attentional allocation and these results have al-
ready been published elsewhere (Zenon et al., 2008); in the present
study, all SOAs were grouped together as a unique variable and not
further investigated. Eight hundred millisecond after the display
onset of the search items, all items were replaced by black disks
displayed for 200 ms (see Fig. 1).
Subjects were instructed to press, as fast as possible, the ‘‘one”
key of the numeral pad of a computer keyboard to indicate that the
target was present or the ‘‘three” key to indicate it was absent;
then, they had to type, without any time constraint, the different
letters they identiﬁed inside the search items. Subjects triggered
the next trial by pressing the space bar. The experiment was di-
vided into ﬁve blocks of 160 trials each.
2.1.3. Control task: target detection only
This control experiment was identical to Experiment 1 except
that subjects (n = 7) only had to report the presence, or absence,
of the target, without paying attention to the letters. In this exper-
iment, the number of search items was either four or eight to allow
us to estimate the ‘‘set-size effect” and therefore to evaluate the
task difﬁculty. We found that this search task was inefﬁcient. In-deed, the difference between median RTs of each subject in the
8-items search task (mean ± SD: 1231 ± 386 ms for target absent
and 1052 ± 419 ms for target present) and in the 4-items search
task (1114 ± 359 ms for target absent and 951 ± 336 ms for target
present) was 117 ± 49 ms (mean ± SD) for target absent and
101 ± 39 ms for target present trials (two-way ANOVA RM with
number of items – four or eight – and presence or absence of the
target as independent variables: main effect of item number,
F = 8.1156, p = 0.0292). This corresponds to a mean increase of
25 ms per item, a value compatible with the magnitude of set-size
effects described in the literature for inefﬁcient search tasks
(Wolfe, 1998). There was no difference in accuracy between set-
sizes 4 and 8 (78 ± 15% and 75 ± 7%, respectively; one-way RM AN-
OVA, F = 0.91, p = 0.38).
2.1.4. Data analysis
In order to determine the degree to which attentional distribu-
tion depends on relevance as predicted by the DISTRIBUTED mod-
els, we compared actual data on letter detection rates to the results
generated by a model assuming different degrees of attentional
distribution as a function of relevance. To predict the letter detec-
tion rates, we used a bootstrap procedure that generated 20,000
fake trials for each subject. In all these trials, we postulated that
two letters were detected and that the probability to detect a letter
ﬂashed inside a given search itemwas inﬂuenced by its ITS. To esti-
mate this probability we used a probability distribution OP1, i.e.
the ‘‘real” detection probability gathered in trials where only one
letter was detected. We predicted that, if attention is distributed
over multiple relevant locations, the detection of additional letters
should be inﬂuenced by the ITS of the search items in which they
were ﬂashed, whereas, if attention is focused on a single relevant
item, ITS should affect the detection of only one letter, any addi-
tional letters being detected as a result of other factors than rele-
vance. In the fake trials, the expected detection probability (EP2)
of the additional letter as a function of ITS depended on a factor
S that could range from chance (S = 0; same probability for all let-
ters) to OP1 (S = 1). Thus, S represents the degree to which ITS
inﬂuences the detection of the additional letter and hence, the de-
gree of distribution of attention: S = 0 simulatesWTA whereas S = 1
simulates DISTRIBUTED. We calculated the predicted percentage of
letters detected in these fake trials, as a function of ITS, for every S
value (from 0 to 1, with steps of 0.1). These detection rates were
compared with the actual data by using a chi-square analysis,
yielding a chi-square value for each S value. We also compared
the detection probabilities obtained in actual data to another mod-
el in which all letters were chosen randomly. We ﬁnally divided
the chi-square values obtained with the attentional distribution
model, representing the continuum between WTA and DISTRIB-
UTED, for each S values, by the chi-square values provided by the
random model. This yielded a ratio regarded as an estimate of
the goodness of ﬁt (GOF) of the model, a ratio smaller than one
indicating a better ﬁt of the attentional distribution model than
of the random model.
2.1.5. Statistical analysis
In order to achieve normality, percentages of detection of letters
were arcsine-root transformed, a transformation appropriate for
data that lie between an upper and lower bound (Zar, 1996). We
used ANOVAs on repeated measurements for most statistical anal-
yses and Tukey correction for Post-Hoc comparisons.
2.2. Results
In the search task, subjects made 75.2 ± 13.6% of HIT (correct
detection of the target) in target present trials, and 81.0 ± 13.6%
of CORRECT REJECTION when the target was absent. On average,
A. Zénon et al. / Vision Research 49 (2009) 1522–1531 1525the subjects typed 2.14 ± 1.14 letters per trial but only 1.20 ± 0.45
letters per trial were correct (see Fig. 2A for an illustration of the
distribution of the number of reported letters). When only one let-
ter was reported, the rate of correct response was 78 ± 34%,
whereas the chance level to report a correct letter was 27% (7/
26). When two letters were typed, the probability of reporting
one letter accurately was 49 ± 14% and that of giving two correct
responses was 44 ± 19%. These results allow us to rule out the pos-
sibility that when reporting two letters, subjects identiﬁed only20%
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Fig. 2. (A) Distribution of the number of reported letters per trial. Unﬁlled bars
indicate the proportion (in percentage) of trials in which a given number of letters
were reported. Black-ﬁlled bars indicate the proportion of correctly reported letters
in these trials. (B) Effect of item-target similarity (X-axis) on letter detection
probability (Y-axis). (C) Radial plot showing the proportion of letters detected in
each position on the display. Letters located on the horizontal meridian were
detected more often. Item positions on the graph correspond to their positions in
the display as seen by subjects. Error bars indicate the standard error.one letter and guessed the second one. Indeed, if subjects were
using this strategy, even if the ﬁrst letter was accurately identiﬁed
in 100% of the cases, the probability of reporting two letters cor-
rectly would be only around 24% (6/25). These results clearly indi-
cate that subjects did not guess the letters they reported.
Since, in the present study, the letter presentation duration was
too short (60 ms) to permit several attentional displacements, the
ﬁnding that, in 35 ± 21% of trials, subjects reported more than one
correct letter allowed us to formulate very different predictions
based on each of the three aforementioned models: (1) the
WTA1 model predicts that attention will be guided exclusively to-
wards the most relevant search item, favoring the detection of the
letter ﬂashed inside that item; the detection of any ‘‘additional”
letters being fortuitous and unrelated to ITS; (2) the WTA2 model
states that the spotlight of attention is somewhat ‘‘unfocused” and
could therefore encompass neighboring search items, predicting
that only the detection of one letter should be inﬂuenced by the
ITS of its search item whereas the others letters should be reported
because of their particular spatial relationship with this ‘‘central”
search item; (3) the DISTRIBUTED model predicts that several
search items should be detected because of their high ITS value,
the reported letters being therefore located in those highly rele-
vant search items. Because of the very distinct prediction made
by each model, a careful analysis of the trials in which multiple let-
ters were detected should allow us to pinpoint the most pertinent
model. Consequently, we focused the remaining analyses on those
trials in which more than one correct letter was reported. We ﬁrst
conﬁrmed that the orientation (or ITS) of the search item in which
the letters were displayed inﬂuenced the probability of letter
detection in these trials (see Fig. 2B). Indeed, letters displayed in
the target, and in the most resembling distractor, were detected
at a higher rate than letters displayed in other distractors (one-
way RM ANOVA, F3,11 = 60.57, p < 0.0001, Post-Hoc analyses:
p < 0.0001 and p = 0.05, respectively). Therefore, ITS can be re-
garded as a ‘‘relevance factor” inﬂuencing attention allocation. Spa-
tial location was also found to inﬂuence letter detection (see
Fig. 2C) since a higher detection rate was found for letters located
near the horizontal meridian (F6,11 = 3.55, p = 0.004). Location of
the search items in the display will thus be regarded in the follow-
ing analyses as a ‘‘spatial factor” affecting attentional allocation.
2.2.1. The inﬂuence of ITS on attention allocation
The predicted data associated to each model were computed for
each subject, by means of a bootstrap procedure (see Section 2.1.4
for a detailed description of the procedure), in which we used a S
parameter representing the inﬂuence of ITS on attention distribu-
tion: S varied from 0 (no inﬂuence of ITS, as predicted by WTA)
to 1 (identical inﬂuence of ITS on all letters, as predicted by DIS-
TRIBUTED). We compared the distributions associated to these
predictions with the actual data by means of a chi-square analysis:
the smaller the chi-square values, the better the model predictions.
The smallest chi-square values were obtained for value of S near 0
and the largest ones for values of S close to 1.
However, the chi-square values obtained with this method are
somewhat abstract and do not tell us much about the ability of
each model to account for the experimental data. In order to esti-
mate the goodness of ﬁt (GOF) of each model with respect to the
actual data, we compared chi-square values gathered for each
model to a baseline corresponding to a random model, where the
ITS of search items do not inﬂuence the probability of detection
of any letter. The chi-square values corresponding to each S value
was divided by the chi-square value corresponding to the random
model, yielding a GOF ratio (see Section 2.1.4): a GOF ratio smaller
than one indicates a better ﬁt than the random model. We found
that the best ﬁt between experimental data and model predictions
was obtained for S values close to 0 (median GOF ratio = 0.54, sig-
00.2
1.2
0.4
1.4
0.6
1.6
0.8
1.8
1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
S value / attention distribution
G
oo
dn
es
s 
of
 fi
t r
at
io
 (m
od
el
 c
hi
2 /r
an
do
m
 c
hi
2
WTA DSM
Fig. 3. Comparison between models prediction and experimental data. An S value
of 0 corresponds to the WTA model, whereas an S value of 1 corresponds to the
DISTRIBUTED model. S value, an estimate of the degree of distribution of attention,
is represented on the X-axis. The GOF ratio (see Section 2.1.4) is represented on the
Y-axis. The black line represents the median and the grey surface represents the IQI
interval.
1526 A. Zénon et al. / Vision Research 49 (2009) 1522–1531niﬁcantly different from one: Wilcoxon signed rank test: p = 0.027,
see Fig. 3), clearly supporting the WTA models in which the detec-
tion of only one item is inﬂuenced by ITS.
2.2.2. The inﬂuence of spatial conﬁguration on attention allocation
The above result indicates that when two letters were reported,
the detection of only one letter depended on the ITS of the search
item in which it was ﬂashed and the question arises as to which
factor inﬂuences the detection of the additional letter: WTA1 pre-
dicts that this is a random process whereas WTA2 predicts that
spatial constraints on the attentional spotlight should inﬂuence
multiple letter detection. To address this issue we wanted to deter-
mine whether spatial location biased the letter detection perfor-
mance for all locations independently or whether it affected
preferentially the co-detection of letters in a speciﬁc spatial conﬁg-
uration, for example neighboring letters. We computed the co-
detection probability ratio of letters ﬂashed inside all possible pairs
of search items (n = 21). For example, the co-detection probability0.0 1.0 2.0
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Fig. 4. Radial plot of the co-detection probability ratios as a function of the angle (locati
black dashed circle represents a co-detection probability ratio of one.ratio for the pair of letter positions [P1, P2] was computed as fol-
lows: p(P2|P1) the probability of detecting a letter in position P2,
assuming a letter is detected in position P1 was computed and di-
vided by p(P2|P1) the probability of detecting a letter in position
P2 when no letter has been detected in position P1. If the result is
larger than one, it means that letters ﬂashed at location P2 were
detected more often concomitantly with letters at location P1,
whereas a value smaller than one indicates that letters at location
P2 were detected more often when no letter was detected at loca-
tion P1. A one-way RM ANOVA revealed that ﬁve out of seven loca-
tions had a signiﬁcant co-detection effect (all p < 0.01). These
results indicate that when two letters were co-detected, this was
not made randomly but was inﬂuenced by their spatial
relationships.
We further analyzed these data by comparing the co-detection
probability ratio of all pairs of letters as a function of the angle
(n = 14) and distance (n = 3) between the two letters of the pair
(see Fig. 4). The angle between two locations was measured rela-
tive to an axis passing through one of the locations and parallel
to the horizontal meridian. Hence, angles near 0 or 180 correspond
to horizontally aligned positions and angles near 90 and 270 to
vertically-aligned locations. A two-way RM ANOVA showed a sig-
niﬁcant effect of the angle on probability ratio (F13,11 = 4.82,
p < 0.0001), unveiling a preference for angles close to 0 or 180
(Post-Hoc tests: p < 0.05), and a signiﬁcant effect of the distance
(F2,11 = 7.65, p = 0.003), indicating a preference for adjacent letters
(Post-Hoc tests: p < 0.05). There was no signiﬁcant interaction be-
tween angle and distance (F26,11 = 0.831, p = 0.7), suggesting that
even letters separated by a long distance could be selected together
provided they were located along the horizontal axis (see Fig. 4).
2.3. Discussion
The aim of Experiment 1 was to determine whether attention is
able to select multiple items during covert visual search, and which
factor (relevance or spatial conﬁguration) inﬂuences multiple
selections. In order to establish the role of relevance, we reasoned
as follows: according to the DISTRIBUTED hypothesis, the rele-
vance (estimated here by ITS) should inﬂuence the detection of
all letters, whereas according to WTA, attention should only select
one item at a time, and if several letters are detected, these ‘‘addi-
tional” letters should be detected accidentally, irrespectively of theShort distance (3.5°)
Intermediate Distance (6.25°)
Long Distance (7.8°)
3.0
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Probability ratio
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on on the polar axis) and distance (color code) between the co-detected letters. The
A. Zénon et al. / Vision Research 49 (2009) 1522–1531 1527relevance of the search item in which they are displayed. The pres-
ent results provide support to the WTA models, suggesting that
attention is unable to select multiple items because of their high
relevance.
Yet, subjects reported several letters in a large number of trials
and we found that these additional letters were not selected at ran-
dom since letter co-detection was constrained by proximity and
spatial alignment. Indeed, we showed that letters aligned horizon-
tally, and located in neighboring search items, were preferentially
co-detected, in agreement with the WTA2 model. This ﬁnding sug-
gests that the spotlight of attention is horizontally elongated.
Interestingly, even letters located far apart, in different hemiﬁelds,
were often co-detected when aligned horizontally, an observation
compatible with recent results (Kraft et al., 2007; Panagopoulos,
Von Grunau, & Galera, 2004; Tse, Sheinberg, & Logothetis, 2003).
It is noteworthy, however, that in the present study, because of
the odd number of stimuli, the locations were never strictly op-
posed across the vertical meridian and were always slightly offset
vertically with respect to each other. It might be argued that this
long-distance effect results from a lower perceptual and/or mem-
ory interference between letters processed in both hemispheres.
However, if it holds true, a similar biased association of letters
should be observed for every possible combination of left and right
locations whereas our results show such a preferential association
only between letters located on a same virtual horizontal line. An-
other possible explanation for this peculiar pattern of attention
distribution is that the representations of the corresponding loca-
tions in the two visual hemiﬁelds could be co-activated in the vi-
sual cortex because of their reciprocal connections. According to
this hypothesis, the selection of a stimulus in a given location in
one hemiﬁeld would automatically activate the corresponding rep-
resentation in the other hemisphere. However, neuroanatomical
and neurophysiological evidence from the literature fails to corrob-
orate this view. Indeed, the transcallosal connections between vi-
sual areas are known to involve only positions located on a
narrow vertical stripe centered on the midline (Clarke & Miklossy,
1990; Rochefort, Buzas, Kisvarday, Eysel, & Milleret, 2007). Fur-
thermore, although a recent fMRI experiment has demonstrated
interhemispheric activations – i.e. a modulation of activity in a cor-
tical area of one hemisphere consequent to the activation of the
corresponding area in the opposite hemisphere – in the human vi-
sual cortex (Ban et al., 2006), the co-activated locations did not ex-
hibit a symmetry across the vertical midline similar to that
reported in the present study. Rather they reported a symmetry
across the central ﬁxation point i.e. stimuli in the upper left visual
quadrant interacted with stimuli in the lower right quadrant. In
conclusion, no available data in the literature support the view that
the effects on co-detection probabilities reported in the present
study could result from interhemispheric interactions. Finally, it
is important to keep in mind that in this study, stimuli to be re-
ported were letters and, therefore, we cannot rule out the possibil-
ity that the horizontal extension of spatial attention spotlight we
found is contingent on the utilization of the particular stimuli in-
volved in reading. A replication of these results with non-linguistic
stimuli would be necessary to allow us to generalize this
conclusion.
Moreover, it is worth mentioning that, because detected letters
have to be maintained in memory during the delay between their
detections and reports, letter report probability did not depend
only on factors affecting detection but also on memory factors.
However, memory constraints do not question our conclusion
about the crucial inﬂuence of attention on letter report probability.
Indeed, several studies have shown that letter detection depends
on attentional allocation (Egly & Homa, 1984; Kleiss & Lane,
1986; Shaw & Shaw, 1977; Talgar, Pelli, & Carrasco, 2004) and mul-
tiple letter report tasks have been used successfully before as amean to probe attention allocation (Bichot et al., 1999; Kim & Cave,
1995; Shih & Sperling, 2002). Therefore, despite the inﬂuence of
memory factors, the use of a concurrent letter detection task is rel-
evant to monitor attentional allocation.
In summary, Experiment 1 suggests that WTA2, the ‘‘extended
spotlight” hypothesis, is the most appropriate model to explain
our results. However, it could be argued that, in this experiment,
because the difference in relevance between the target and distrac-
tors was too high, attention was preempted by the target. Conse-
quently, even if attention is able to select multiple relevant items
as predicted by the DISTRIBUTED hypothesis, the distribution of
attention on the distractors exhibiting the highest ITS would be
too weak to be evidenced by our analysis. We tried to overcome
this possible ﬂaw in Experiment 2 by adding a signiﬁcant number
of trials in which two targets were present.3. Experiment 2
Experiment 2 was conducted in order to determine whether
attention is able to select two search items concurrently when both
of them have a high relevance. We used the same dual task as in
Experiment 1 except that, in some trials, two targets were dis-
played simultaneously. Subjects were not informed that two tar-
gets could appear simultaneously and they received the same
instructions as in Experiment 1, i.e. to report the presence or ab-
sence of target. As in Experiment 1, the interval between search
display onset and letter onset varied across trials, but here the
search display was masked at the same time as the letters, so that
the exposure time to the search items also varied. This provided us
with a measure of the visual search performance that could be re-
lated to letter detection performance and thus to attentional allo-
cation at different delays. Investigating the time-course of letter
detection performance in the target during different stages of the
visual search performance was used to isolate attentional factors
inﬂuencing letter detection from other non-attentional factors
(see below). This allowed us to compare quantitatively attentional
allocation in trials where one or two targets were displayed.
3.1. Methods
Eight subjects (20–29 years old) participated in Experiment 2
(see Fig. 1B). At the beginning of the experimental session, a stair-
case procedure was run, during which participants had to perform
the same visual search task as in the main experiment, without
reporting the letters displayed inside the search items, and with
variable stimulus presentation durations. The duration of the
search item presentation was adjusted in order to yield either
50%, 75% or 90% of correct responses in the search task, whereas
the contrast was kept constant (70%). The duration of search items
presentation in the main experiment was then adjusted to these
three values and the three possible display durations were coun-
terbalanced across trials. In addition, in contrast to Experiment 1,
letters were always ﬂashed during the last 50 ms of the search item
presentation. Then, all stimuli were replaced by a mask: the letters
were masked with a ﬁgure-eight and the search items were
masked with circles with 12 bars attached every 30, from 0 to
330. Figure-eight was preferred to white noise since it has proved
to be more efﬁcient as a mask in another letter identiﬁcation task
(Enns, 2004). Finally, as already mentioned, in Experiment 2, the
number of targets was 0, 1 or 2, these three conditions being
equally probable (33% each). The response keys used to indicate
that the target was present or absent were the same as in Experi-
ment 1; the subjects were not informed that two targets could ap-
pear simultaneously in some trials and the response required in
this case was the same as when only one target was detected. Only
Fig. 5. (A) Percentage of correct trials in the visual search task (blue diamonds) and
number of letters detected (green squares) for each of the three duration conditions
(short: 71 ± 25 ms, intermediate: 218 ± 99 ms, long: 515 ± 159 ms. (B) Relevance
effect index (red diamonds) and spatial effect index (blue squares) as a function of
display duration conditions. Error bars correspond to standard error.
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Fig. 6. Correlation between the percentage of correct trials and the percentage of
detection of letters in targets for ONE TARGET (blue) and TWO TARGETS (red) trials.
1528 A. Zénon et al. / Vision Research 49 (2009) 1522–1531two out of eight subjects noticed that two targets were sometimes
displayed, although they largely underestimated the proportion of
such trials. As in Experiment 1, subjects had to type the detected
letters, with no temporal constraint and they triggered the next
trial by pressing the space bar. In Experiment 2, eye movements
were monitored by means of an infrared camera (Thomas
Recording).
3.2. Results
The results of Experiment 2 conﬁrmed those gathered in Exper-
iment 1 concerning the inﬂuence of ITS and of spatial factors on the
letter detection probability. Reported letters were mostly those lo-
cated inside the search target (p < 0.0001, F3,7 = 17.15; target:
30 ± 13%, 30 distractor: 15 ± 2%, 60 distractor: 13 ± 1%, 90 dis-
tractor: 13 ± 2%) or in search items near the horizontal meridian
(p = 0.036, F6,7 = 2.51; in counterclockwise order from the right-
hand horizontal location: 25 ± 10%, 28 ± 16%, 17 ± 10%, 21 ± 9%,
20 ± 13%, 12 ± 5%, 19 ± 8%). The relationship between the display
duration and visual search performance is illustrated in Fig. 5.
The percentage of correct trials in the search task increased with
the display duration (see Fig. 5A, blue symbols,1 p < .0001,
F2,14 = 59.98) but was slightly different than the one targeted during
the staircase procedure (50%, 75% and 90%) because of the addition
of the letter detection task in the main experiment. Although the
mean number of detected letters was identical irrespective of the
display duration (see Fig. 5A, green symbols, p = .40, F2,14 = .99),
the distribution of detected letters among the different search items
varied systematically with display duration. To investigate this ef-
fect, we computed a ‘‘spatial effect index” deﬁned as the percentage
of letters detected on locations close to the horizontal meridian
(n = 3) divided by the percentage of letters detected on locations
close to the vertical meridian (n = 4), and a ‘‘relevance effect index”,
deﬁned as the percentage of letters detected in the target (n = 1 or 2),
divided by the percentage of letters detected in distractors (n = 6 or
5). These indexes were signiﬁcantly affected by the search display
duration (spatial index: F2,14 = 4.13, p = .04, see Fig. 6B, blue sym-
bols; relevance index: F2,14 = 22.08, p < 0.0001, see Fig. 5B red sym-
bols), but while the ‘‘relevance effect index” increased with the
display duration, the opposite effect was found for the ‘‘spatial effect
index”. This opposite trend found for the effect of spatial location
and relevance further indicates the relative prevalence of ITS as a
determinant of attentional allocation with the gradual accumulation
of information about relevance.
In the following analyses, the predictions of the DISTRIBUTED
and WTA models regarding attentional allocation were contrasted
by considering only trials in which two letters were detected and
by separating trials in which the display contained two targets
(TWO TARGETS) versus one target (ONE TARGET). In TWO TAR-
GETS trials, we calculated the rate of double detection for each of
the nine possible pairs of ITS values, varying from 0 (target) to 3
(the most different distractor) (see Section 2.1). We then compared
the double detection rates for the four pairs in which at least one
letter ﬂashed inside the target was detected (pairs 0–0, 0–1, 0–2
and 0–3). According to the DISTRIBUTED model, if attention is dis-
tributed on several relevant search items simultaneously, we
should observe a higher detection rate for the two letters ﬂashed
inside the two targets (pairs 0–0). However, as anticipated from
the results of Experiment 1, this was clearly not the case and there
was no signiﬁcant difference between detection rates among the
four different pairs (F3,21 = 0.12, p = 0.95, median detection rate of
6.4% (IQI = 10.1) for pair 0–0 versus 6.4% (IQI = 5.3), 5.7%1 For interpretation of color in Figs. 5 and 6, the reader is referred to the web
version of this article.(IQI = 2.5), 5.3% (IQI = 4.3) for pairs 0–1, 0–2, 0–3, respectively),
providing further support to the single-focus hypothesis of the
WTA model.
Then we compared the letter report performance in ONE TAR-
GET and TWO TARGETS trials. We deﬁned the letter detection rate
per target in search target items as the ratio between the number
of letters detected in the target and the number of targets (1 or
2) present in the display; we then compared these values in the
A. Zénon et al. / Vision Research 49 (2009) 1522–1531 1529two conditions as a function of search display duration. We pre-
dicted that if attention is only able to select one target, the letter
detection rate per target should be smaller in the TWO TARGETS
than in the ONE TARGET condition. A two-way RM ANOVA with
display duration and target number as independent factors, and
letter detection rate per target as dependent factor showed, in line
with our hypothesis, a signiﬁcantly lower detection rate in the
TWO TARGETS condition (F1,7 = 10.52, p = 0.014), irrespective of
the display duration (interaction: F2,7 = 1.15, p = 0.35). The next
analysis is an attempt to quantify this effect even further.
If only relevance affected the distribution of attention, and
according to the WTA model, we might expect the letter detection
rate per target in the TWO TARGETS condition to be half the detec-
tion rate per target in the ONE TARGET condition. However, other
factors contribute to the guidance of attention. For instance, the
location of the target in the previous trial has a strong impact on
letter detection probability (Maljkovic & Nakayama, 1996) and, in-
deed, we found a signiﬁcant difference between the detection rate
at the location where the target was detected in the previous trial
and other locations (27 ± 7% and 19 ± 6%, respectively, RM ANOVA,
F = 56.7, p = 0.0001). Other factors, such as the spatial factors, letter
discriminability, memory constraints, etc. are also likely to inﬂu-
ence the performance in our search task. In order to disentangle
these factors from the speciﬁc effect of ITS on attentional guidance,
we computed, for each subject, the correlation between the letter
detection rate per target and the performance (percentage of correct
response) in the visual search task. Our hypothesis was that, when
the visual search task is performed at chance level (for very short
display durations), the letter detection rate per target should not
be affected by relevance. In contrast, the slope of the regression
line of letter detection rate per target as a function of search perfor-
mance should reﬂect the increase in attentional selection probabil-
ity of the target, with increasing performance in the search tasks.
Hence, if attention is not distributed on both targets, the slope of
the regression line for TWO TARGETS trials should be half that of
the regression line for ONE TARGET trials. We found that the slope
of the regression line for trials in the ONE TARGET condition (par-
tial correlation from a multiple correlation with dummy variables
representing subjects: R = .61, p = .0013, b = .97 ± .26) was twice as
steep as the slope of the regression line computed for the TWO
TARGETS condition (same analysis: R = .63, p = .0006, b = .49 ± .12,
see Fig. 6). This indicates that, in the ONE TARGET condition, the
letter detection rate per target increased as a function of search task
performance, twice as quickly as the letter detection rate per target
in the TWO TARGETS condition, because in this latter condition
only one of the two targets was selected. This further conﬁrms that
attention can select only one target at a time, irrespective of the
search items display duration, and that, even in the presence of
two targets, attention cannot be distributed simultaneously over
several items by virtue of their high level of relevance.
3.3. Discussion
In Experiment 2, we extended the results of Experiment 1 by
showing that, when two items have a high level of relevance with
respect to the task, attention cannot select both of them simulta-
neously, indicating that attention is able to select only one item
by virtue of its relevance. It must be stressed that, in this experi-
ment, subjects had no incentive to select both targets, since their
response did not vary when one or two targets were displayed.
However, these results allow us to rule out the DISTRIBUTED
hypothesis, which predict a simultaneous selection of all relevant
items, irrespective of the task.
The ﬁnding that attentional allocation on the target increases
with time, although it corroborates earlier results, may appear in
contradiction with the conclusions of a recent study (Donk & vanZoest, 2008). These authors have shown that in a task in which par-
ticipants have to localize the most conspicuous item in an array,
the performance decreases with the presentation duration and this
ﬁnding is presented as evidence that the visual system can only
transiently access information about item conspicuity. This conclu-
sion however, does not contradict the present ﬁndings since, in
contrast to the Donk and van Zoest study, our target was deﬁned
by orientation, not conspicuity and the transient availability of
conspicuity information should not lead to a decreased allocation
of attention to such targets.4. General discussion
In the present study, we demonstrated that, in a covert visual
search task, attention is able to select only a single locus, poten-
tially the most relevant one. Moreover, we showed that some
neighboring locations, mainly those aligned horizontally, are pref-
erentially co-detected. These results are compatible with a WTA
mechanism of selection, which postulates a competition for atten-
tional allocation between the different items present in the visual
ﬁeld. While implemented in most theoretical models of attentional
allocation, the WTA mechanism has never received, to our knowl-
edge, behavioral experimental support. Only indirect evidence can
be found in neurophysiological studies. For example, in the frontal
eye ﬁeld (FEF), a cortical area known to be involved in attentional
control and/or representation of relevance (Schlag, Dassonville, &
Schlag-Rey, 1998; Thompson & Bichot, 2005; Wardak, Ibos, Duha-
mel, & Olivier, 2006, showed that the pattern of connectivity is
compatible with the implementation of aWTAmechanism, namely
neurons coding for the same location have excitatory connections
between each other, whereas neurons tuned to different directions
inhibit each other. Moreover, (Bichot, Thompson, Chenchal Rao, &
Schall, 2001), have used a WTA model to predict the locus of atten-
tion allocation from the activity of FEF neurons, demonstrating its
efﬁcacy for decoding the neural activity in this area.
However the existence of WTA mechanisms, assuming the
selection of a single salient location, is somewhat in contradiction
with the ability of attention to split, as demonstrated by several
studies (Awh & Pashler, 2000; Bichot et al., 1999; Castiello & Umi-
lta, 1990; Gobell et al., 2004; Hahn & Kramer, 1998; Scharlau,
2004; Sears & Pylyshyn, 2000; Shaw & Shaw, 1977), for a review
see (Gobell et al., 2004). For example, Bichot and colleagues (Bichot
et al., 1999) trained subjects to detect two uniquely colored targets
amongst eight items and to determine whether their shapes were
identical or not; letters were displayed inside the eight items (tar-
gets and distractors) and subjects had to report as many letters as
possible. These authors found that when subjects detected a letter
in one of the target, the other detected letters were more often lo-
cated in the other target, suggesting that attention was distributed
over the two targets. Moreover, when the targets were non-contig-
uous, the distractors in-between were not preferentially selected,
indicating that attention was split into two distinct foci. However,
in this study, a strong perceptual grouping effect was induced be-
cause the two targets had the same color and a feature-based selec-
tion of the target group might be involved instead of a spatial
selection of non-contiguous locations. In a more recent study,
Scharlau (Scharlau, 2004) used a task based on perceptual latency
priming and was able to conﬁrm attentional split on multiple non-
contiguous items, in a condition providing no strong cues for per-
ceptual grouping. Along the same line, (Sears & Pylyshyn, 2000)
demonstrated that attention was able to track multiple moving ob-
jects simultaneously, in a task where no cues for perceptual group-
ing were provided, and that attention was restricted to these
selected items and not to distractor locations. Finally, neurophysi-
ological correlates of multiple attentional foci have also been re-
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nowski, Gruber, & Hillyard, 2003) and single neuron recordings
in superior colliculus (SC) (McPeek & Keller, 2002) have shown that
two potential saccadic goals can be simultaneously represented in
SC, and that while one saccade is performed, the activity corre-
sponding to the other relevant location is maintained, a result com-
patible with split attention. These results are, however, surprising
since SC is thought to be downstream of FEF in saccadic and atten-
tional control (Hanes &Wurtz, 2001), and hence, it is expected that
if a single location is selected in FEF, only this location should be
implemented in downstream structures.
It is important to stress that these results from the literature are
not incompatible with our ﬁnding that, during visual search, atten-
tion selects only a single item on the basis of its relevance. Indeed
the question addressed in the present study is different from that
investigated in aforementioned works. The present study aims at
determining how relevance affects attention allocation: relevance
can either determine which item will be selected in an all-or-noth-
ing manner, or it can inﬂuence the visual processing of all items
simultaneously, and proportionally to their ITS. To distinguish be-
tween these two hypotheses, we therefore used a task in which
subjects were not explicitly asked to split their attention and found
that, in agreement with the WTA hypothesis, the relevance was
actually unable to affect the detection of all stimuli simulta-
neously. In contrast, the goal of the aforementioned studies was
to determine whether attention is able to split and used, therefore,
paradigms which were possible to perform only by dividing atten-
tion; their conclusion was that, when required, attention is actually
able to select multiple items at the same time. Altogether, these re-
sults and ours suggest that, during visual search, attention selects
only the most relevant item, but that this winner-take-all selection
is not imperative since attention is able to split on multiple items
when necessary. In this particular context, it would be of interest
to investigate the attentional distribution in a task in which partic-
ipants have to indicate how many targets are displayed, instead of
reporting solely target presence or absence.
A ﬁrst explanation for the ﬁnding that WTA mechanisms are
compatible with the ability of attention to split has been proposed
by Cave in his Feature Gate model (Cave, 1999): whereas WTA
mechanisms would be involved in most cases, they can be relaxed
when the selection of multiple locations is required to perform the
task (Bichot et al., 1999; Scharlau, 2004; Sears & Pylyshyn, 2000).
Along the same line, Deco and colleagues (Deco, Pollatos, & Zihl,
2002; Standage, Trappenberg, & Klein, 2005) have proposed a mod-
el based on attractor networks that can spontaneously implement
WTA or DISTRIBUTED mechanisms, depending on the task at hand.
Another possible explanation for this apparent contradiction be-
tween the existence of WTA mechanisms and the ability of atten-
tion to select multiple items relies on object-based attention and
grouping. Despite the fact that attention is able to split on several
items even when their visual properties do not induce exogenous
perceptual grouping, it might be hypothesized that these items
can nevertheless be grouped together ‘‘endogenously” and pro-
cessed as a single object. In this case, a WTA mechanism operating
on an object-based representation of relevance (Deneve & Pouget,
2003) could help to reconcile the apparently conﬂicting results
found in literature. Further experiments are required to distinguish
between these two hypotheses. For example, the difﬁculty of
grouping could be increased by making the to-be-attended stimuli
different from each other, but similar to some distractors. In this
case, endogenous grouping would be more difﬁcult, and attention
split might not be possible.
The idea that the processes underlying both target selection for
eye movements and for attention displacements are identical is in
agreement with the pre-motor theory of attention, which assumes
that covert attention shifts result from the motor preparation ofeye movements whose actual execution is impeded (Rizzolatti,
Riggio, Dascola, & Umilta, 1987). Along the same line, a recent
study by Eckstein and colleagues (Eckstein, Beutter, Pham, Shimo-
zaki, & Stone, 2007) has shown that the selection of the ﬁrst sacc-
adic target during an overt visual search, and the perceptual
decision in a comparable covert visual search rely on common vi-
sual ﬁlters, i.e. on a similar weighting of visual information across
space. Many other studies have concurred to establish the func-
tional link between attention and saccades (Beauchamp, Petit, Ell-
more, Ingeholm, & Haxby, 2001; Corneil, Munoz, Chapman,
Admans, & Cushing, 2008; Deubel & Schneider, 1996; Kustov &
Robinson, 1996; Moore & Fallah, 2004; Sheliga, Riggio, & Rizzolatti,
1994) and some authors have even questioned the ecological
importance of performing attentional shifts in the absence of eye
movements (Findlay & Gilchrist, 2003; Liversedge & Findlay,
2000). Indeed, recent experimental evidence suggests that no
attentional shift occurs between saccades (Motter & Holsapple,
2007), and hence, that shifts of attention in ecological situations
would always be accompanied by eye movements. However, the
functional link between attention and saccades – and therefore
the validity of the pre-motor theory of attention – remains debated
since recent studies have reported that, in some instances, atten-
tional shifts and saccades can be dissociated (Juan, Shorter-Jacobi,
& Schall, 2004; Juan et al., 2008; Montagnini & Castet, 2007; War-
dak, Olivier, & Duhamel, 2004). Nevertheless, the present ﬁnding
that attention only selects one item – the most relevant one – at
a time and, hence, that attention and saccades rely on the same tar-
get selection mechanism rather supports this view that saccades
and attentional shifts are tightly coupled.References
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